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Three-dimensional Solution Structure of the Thrombin-binding

DNA Aptamer d(GGTTGGTGTGGTTGG)

Peter Schultze, Roman F. Macayat, and Juli Feigon}
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The DNA oligonucleotide d(GGTTGCTCGTGGTTGG)Y (thrombin aptamer) binds to
thrombin and inhibits its enzymatic activity in the chain of reactions that lead to blood
clotting. Two-dimensional 'H NMR studies indicate that the oligonucleotide forms a folded
structure in solution, composed of two guanine quartets connected by two T-T loops
spanning the parrow grooves at one end and a T-G-T loop spanning a wide groove at the
other end. We present Lhe assignment strategy used, methods for the struclure
determination, and the refined three-dimensional structure of the thrombin aptamer. The
initial structures were generated by metric matrix distance geometry using distance and
dihedral bond angle constraints from NOE and coupling vonstants, respeetively, and refined
by restrained molecnlar dynamics and direct NOE refinement. Knowledge of the three-
dimensional structure of this thrombin aptamer may be relevant for the design of improved
thrombin-inhibiting anti-coagulants with similar structural motifs,
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1. Infroduction

The  sequenee of the title  molecule
AGOTTGGTGTGGTTGG) was originally identified
by Bock et ai. (1992) as the result of a selection
project for DNA sequences that bind to thrombin
and inhibit jts enzymatic activity in the chain of
reactions that lead to blood clotting. It constitutes
the example with the highest binding constant out
of a set of similar oligonucleotides with the consen-
sus  sequence d{GOtTGGN, (3GEtTGG), where
capital G and T are invariant nueleotides, lower casc
letters are variable but with a bias for a particular
nucleotide, and N i any nncleotide. The procedure
used to enrich for and isolate oligonueleotides with
elevated ligand-binding capabilities from a pool of
synthetic DNA or RNA with random sequences is
called SELEX (Irvine ef al., 1991; Tnerk & Gold,
1990) or in vitro selection (Szostak, 1992) and the
products of these selections have heen termed
aptamers (Ellington & Szostak, 1990). In this
example, the fraction of thrombin-binding oligo-
hucleotides was enriched by repeated passes
through an affinity column with immobilized
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thrombin, each time followed by a polymerase chain
reaction step on the isolated pool of bound
sequences, and finally by cloning and sequencing of
the enriched pool of oiigonucleotides with high
binding affinity for thrombin (Bock ef af., 1992),

The thrombin aptamer is the first example of a
potential nucleie acid therapeutic agent targeted to
a protein that does not physiologically bind nucleic
acids, The binding site on thrombin was recently
localized to the anion binding exosite (Wu ef al.,
1992}, Although the binding vonstant is only argund
02 uM {Bock et af., 1992, J. Feigon, nnpublished
results), it represents a promising lead compound as
an anticoagulant.

We (Macaya ef al., 1993} and Wang ef al. (1993)
recently reported NMR studies that indicated that
the thrombin-binding aptamer d(GCTTGGTGTGG-
TTGG) forms a unimolecular quadruplex in solution
congisting of two G-quartets {Guschibauer et al.,
1990; Smith & Feigon, 1992) connected by two T-T
loops spanning the narrow grooves at one end and a
T-G-T loop spanning a wide groove at the other end
{Fig. 1). T4 and T13 are stacked over the neigh-
boring G-quartet, positioned so that they ean form
a base-pair. Thus, all of the invariant bases in the
consensus sequence for the thrombin aptamer are
determinants of the tertiary structure. Here we
present the assignment strategy used, methods for

© 1994 Academic Press Limited
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Figure 1. A, Schematie model of the structure of the thrombin aptamer. syn nucleotides are shaded. Model is the same
as that of Wang ef al. (1993) except for the interloop T-T base-pair, indicated by arrow at top. (B} Base-pairing structure
of a guanine quartet, Numbering is the same as the top quartet in the model structure. Locations of the 2 wide and 2

narrow grooves are indicated.

the structure determination, and the refined three-
dimensional structure of the thrombin aptamer. The
initial structures were generated by metric matrix
distance geometry using distance and dihedral bond
angle constraints from NOE and coupling
constants, respectively, and refined by restrained
molecular dynamics and direct NOE refinement.
The three-dimensional structure of the thrombin
aptamer can be used as a starting point for genera-
tion of improved thrombin-inhibiting anti-coagu-
lants with similar structural motifs.

2. Methods
(a) Sample preparation

The DNA oligonueleotides were synthesized and puri-
fied, and NMR samples were prepared, as previously
described (Feigon et al., 1992; Smith & Feigon, 1992),
except that samples were ethanol precipitated with 1 M
KC] rather than 1 M NaCl. The DNA oligonucleotides
used in this study were: d{G1G2T3IT4G5GETTGETY-
GIOGIITIZTI3G14G15; (thrombin aptamer} and the
inogine, adenine, deoxyuracil and methyl C derivatives
d(GITTGGTGTGGTTGG): 12, d(GGTTGITGTGGTTGA);
I6, A(GGTTGGTITGCTTGG); I8, d(GAGTTGGTGTGITT-
Gy 111, AGGATGGTGTGGTTGG); A3, A{GGTUGGT-
ITGGTTGH); U4,  d(GETm’CGGTGTGGTM CGGY;
C4C13 and d(GGTUGGTGTGOGTmM CGG); U4AC13.
NMR samples of the thrombin aptamer were 2:3 mM
strand, 110 mM K{1, pH 61 (adjusted with KOH) in
400 pl *H,0 or 909 H,0/109%>H,0, unless otherwise

indicated.

(by NM R speciroscopy

'H NMR spectra were obtained at 500 MHz on a
General Electric GN500 spectrometer. One-dimensional
spectra in H,0 were acquired using a 11 spin-echo pulse

sequence (Sklendr & Bax, 1987). NOESYt spectra in H,0
were acquired in the hypercomplex phase-sensitive mode
(States el al., 1982) using the standard pulse sequence
{(Kumar et al., 1980) with the last pulse replaced by a 11
gpin  echo pulse sequence (Sklenaé & Bax, 1987).
Phase-sensitive NOESY spectra in *H,0 were acquired
with presaturation of the residual H,O peak during the
recycle delay. P.COSY spectra were acquired with a flip
angle mixing pulse of 90° (Marion & Bax, 1988).
BOHAHA experiments were run with a mixing time of
approx. 100 ms using MLEVIT (Davis & Bax, 1085).
3P-1H heteroCOSY spectra were acquired as described
by Sklenai ef al. (1986). One-dimensional spectra were
processed with the GE NMR software (GEMI6).
Two-dimensional spectra were processed on a Silicon
Graphies 41)/25 Iris work station using the program
FTNMR and FELIX (Hare Research). Aequisition and
processing parameters are given in the figure legends.

{c) Assignments

Assignments of the deoxyribose spin systems were
obtained from analysis of P.COSY {Marion & Bax, 1988),
and HOHAHA (Davis & Bax, 1985) spectra using stan-
dard methods (Feigon e al., 1992; Wiithrich, 1986).
Non-exchangeable base proton resonances were identified
in NOESY spectra (Kumar ef al, 19380). Sequential
assignment of the nucleotides (Feigon et aof, 1992;
Wiithrich, 1986) was complicated by breaks in the
sequential connectivities after T4, T7, T9 and T13, due to

T Abbreviations used; NOE. nuclear Overhauser
effect; NOESY, nuclear Overhauser effect spectroscopy:
COSY, correlation spectroscopy; HOHAHA,
homonuclear Hartmann Hahn speetroscopy; TMP,
trimethylphosphate; P.COSY, purged COSY; P.E.CORY,
primitive exclusive COSY, p.p.m., parts per million; 12,
ete., inosine-substituted derivatives; RMSD, root-mean-
square difference; DSS, 2 2-dimethyl-2-silapentane-
5-sulfonate.
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the presence of syn G nucleotides and loops.
Sequence-specific assignments of non-exchangeable reson-
ances were therefore obtained in 2 ways: (1) from analysis
of NOESY spectra of aptamer derivatives (Macaya ef al.,
1993); and (2) by analysis of *'P-'H COSY, as discussed
in Results along with the assignments of the exchangeable
resonances. Chemieal shifts are referenced to external DSS
for 'H and TMP for *' P, at the same salt and temperature
conditions as for the sample.

{(d) Distance constraints

Integrated peak intensities from NOESY spectra of the
sample in *H,0 collected with mixing times of 50, 100,
150 and 250 ms were used in the structure calculations.
For the starting structures, 188 distance constraints were
extracted from peak integrals in the 50 ms mixing time
NOESY spectrum. The integrated intensity of the most
intense H2'-H2"” crosspeak (/,) was used for distance
calibration and set to 19 A (r,), and the intensities of all
other crosspeaks were converted to distances using the
I= Iur,-ﬂ'rn)_ﬁ relation, where I = peak integral and r;; =
distance between ¢ and j protons. In all cases the lower
bound was set at 1'9 A and the upper bound at the
caleulated distanee plus 05 A. Thirty six additional
distance constraints were obtained from crosspeaks in a
NOESY spectrum of the sample in H,O collected with a
160 ms mixing time. The crosspeak intensities from this
spectrum were classified visually as strong, medium or
weak and converted to distances with upper limits of
30 A, 45 A and 55 A, respectively, The average number
of distance constraints per residue was 16.

Sixteen hydrogen bond constraints (19 A) for the 2
guanine quartets with ideal H-bonding geometry were
included in the structure calculations. In addition, for 2 of
the 3 sets of calculations, constraints were included for an
ideal T“T base-pair involving in one case the 02 atoms
and the other case the 04 atoms as acceptors. To achieve
close to ideal geometry for a T-T base-pair with a
[C=0--H] angle of 120°, the following distances were
used: [H-3-02/4]=19 to 20 A, [H3-H3]=23 to 26 A,
and [02/4-02/4]=35 to 38 A. In the 3rd set of calcula-
tions, no explicit T-T hydrogen bond constraints were
included.

(e} Dihedral bond angle constraints

Homonuclear coupling constants Jyey, Jian, iy,
Jyr 3, were determined from a P.COSY spectrum by an
automatic optimization of the correlation between experi-
mental and simulated data points covering the relevant
crosspeaks using the program CHEOPS (Macaya et al.,
1992; Schultze & Feigon, unpublizshed results). These
coupling constants were used as input for the PSEUROT
program (de Leeuw & Altona, 1983; van Wijk ef al., 1992)
and fitted using a 2-state model with 2 pseudorotation
phase angles, Py and Pg, and the ratio of the 2 conforma-
tions {see Table 2, below). The pucker amplitudes were
kept constant at 38°. In the structure calculations, the
deoxyribose conformations were restrained using dihedral
angle restraints for v, and v, obtained from the
PSEUROQT results for the major conformational state for
each residue.

Coupling constants Jpype, Jpygr and Jpyy were
obtained by simulation of the crosspeaks in a 'H-*'P
heteroCOSY spectrum using CHEOPS. These were used
to constrain the backbone angles § and g, respectively.
The dihedral bond angles were estimated using the
Karplus relation as modified by Altona and coworkers
(Lankhorst ef al., 1984). Restraints for ¥ were estimated as

described by Kim ef al., 1992} using the sum of couplings
to H4" in conjunction with the absence of strong
H6/8-H5 H5" NOE crosspeaks. The Z.Jy, were deter-
mined by measuring outer peak splitting of the H3-H4’
crosspeaks in a P.E.COSY experiment.

syn and anti residues were distinguished on the basis of
the intensity of the intranucleotide H8/6-H1" crosspeaks.
Loose restraints. of --140+ 40° and 70 * 40° for the x
angle of anti and syn residues, respectively, were applied,
mainly to increase the yield of structures with the correct
synfanti alternation in steps (1) and (2) of the
calculations.

Since no direct experimental evidence was obtained for
o and {, these angles were left unrestrained.

() Structure calculations

All  structure calculations were performed with
X-PLOR version 3.1 (Briinger, 1992}. The whole sequence
of calculations involved 4 steps: (1) substructure embed-
ding using the metric matrix distance geometry algo-
rithm; {2) completion of the partial co-ordinate sets by
template fitting and regularization of this initial set of
embedded structures by simulated annealing; {3) refine-
ment of the best converged structures by simulated
annealing and minimization; and (4) relaxation matrix
refinement (Nilges et al., 1991). The refinement protocol
followed essentially the procedures outlined in X-PLOR
manual, version 3-1; essential details and changes are
described in the following.

In step (1), a substructure embedding was performed
for 20 independent structures using the following 8§ atoms
per base: P, Cl', C3, C&, (2, C4, N3 and NI/N9.
A complete set of atomic co-ordinates was generated in
step (2) by replacing the partial set of atoms with a
standard conformation for each nucleotide using a best fit
superposition of the known atoms. This template fitting
procedure was performed for both the initial embedded
co-ordinates and their mirror image. After 200 cycles of
energy minimization and a short period of molecular
dynamics at high temperature, the total energies were
compared for each pair of structures and the enantiomer
with the higher energy was discarded. In about 309, of
the structures this procedure yielded the incorrect enan-
tiomer with a left-handed tetrahelix. These incorrect
enantiomers always had significantly higher energies after
step (3) and were discarded at that point. In the early
calculations it also became clear that the original force
field parameters did not guarantee the correct chiral
configuration on the deoxyribose carbon atoms.
Therefore, an additional set of “‘dihedral angle’” restraints
involving all 4 ligands on each chiral center was intro-
duced throughout all calculations, with a high penalty for
wrong configurations. For example, for the correct con-
figuration at CI’, the “dihedral angle” O4'-N1/9-C2-H1’
was restrained to 70 + 20° with a high force constant. The
final phase of step (2) consisted of a slow-cooling dyna-
mics caleulation with subsequent energy minimization.

The structures were further refined in step (3) with a
simulated annealing run in which the starting tempera-
ture of 2000 K was lowered to 100 K in 20,000 cycles. The
lowest energy structure was used in a grid search for the
correlation time that gave the best agreement between
caleculated and observed NOE intensities. This gave an
overall correlation time of 4.0 ns. This value was used in
the subsequent relaxation matrix refinement (step (4)) of
the 6 structures with the lowest overall energies in step
(3). The relaxation matrix refinement protocol consisted
of a simulated annealing run from 1000 K to 75K in 1000
cycles followed by energy minimization.



Solution Structure of @ Thrombin-binding DN A Aptamer

1535

{g) Calculation of helical parameters

For the determination of helical twist and rise, the
center of mass for all base atoms in each of the 2 tetrads
was caleulated, setting all atomic masses to unity. This
was used to define the helical axis. The helical rise was
defined as the distance between these centers. The helical
twist was defined from: (1) the positions of the C1” atoms
or (2} the geometric centers of the consecutive G residues.
These definitions give 2 different values.

3. Results

{a) Imino proton spectra of thrombin aptamer
and derivatives

One-dimensional spectra of the imino proton
resonances of the thrombin aptamer and derivatives
in 110 mM KCj are shown in Figure 2. The spectra
of the thrombin-binding aptamer in 110 mM KCl
(Fig. 2A) and in the salt conditions of the selection
buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl,,
1 mM MgCl,) are essentially identical (see Macaya et
al., 1993). There are eight G imino resonances corre-
sponding to the eight hydrogen-bonded guanines in
the two G-quartets, as well as a high-field shifted G
imino proton resonance from a non-hydrogen-
bonded G. The imino proton assignments of the
thrombin aptamer are indicated in Figure 2A. All of
the aptamer derivatives also have eight hydrogen-

14,2 13T
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Figure 2. 500 MHz 1-dimensional *'H NMR spectra of
the imino resonances at 1°C of: (A) thrombin aptamer; (B)
12, (C) 16, (D) I8, (E) I11, (F) A3, and (3} U4 derivatives.
Samples were 20 to 23 mM strand in 400pul of
909,H,0/10%2H,0, 100 mM KCl (pH 61), Spectra were
acquired using a 11 spin echo pulse sequence (Sklenai &
Bax, 1987}, spectral width of 10,000 Hz, 8192 complex
points, and 128 acquisitions. All spectra were apodized
using an exponential multiplication with a line broaden-
ing of 3 Hz prior to Fourier transformation.

bonded imino resonances from guanines and inosine,
and the NOESY spectra in H,0 and 2H,0 have
crosspeak patterns similar to those observed for the
thrombin aptamer, indicating that they form quad-
ruplex structures with the same topology. For each
of the inosine-containing aptamer derivatives 12, 16,
and I11 (Fig.2B, C and E), a hydrogen-bonded
inosine imino resonance appeats at low field, ~ 16
p.p-m. In the I8 derivative (Fig.2D), a low-field
imino resonance (~11 p.p.m.) corresponding to G8
disappears; the non-hydrogen bonded 18 tmino reso-
nates at ~11'5 p.p.m. The A3 derivative (Fig. 2F)
was one of the aptamer sequences that was found in
the selection for thrombin binding DNA ligands
{Bock ef al., 1992); the nucleotide at this position in
the consensus sequence is variable. All of the deriva-
tives except U4 and I8 form structures with lower
stability than the thrombin aptamer, as judged by
NMR temperature studies (data not shown). The
aptamer derivatives were used to confirm the
sequence specific assignments of the thrombin
aptamer and to establish the topology of the
thrombin aptamer.

(b) NOESY spectra of thrombin aptamer in *H,0

A NOESY spectrum of the thrombin-binding
aptamer in 2H,0 is shown in Figure 3. The spec-
trum shows one set of resonances for all protons,
indicating that a single conformation is present
under these conditions. The well-resolved NOESY
crosspeaks allowed for almost complete resonance
assignments and accurate quantification of a large
number of NOESY crosspeaks.

Although the NOESY spectra in *H,0 and H,0
are indicative of a single conformation for the
thrombin aptamer, the stoichiometry of the struc-
ture could not be known a priori; i.e. the spectra do
not allow a distinction between a monomer or a
symmetric dimer (or tetramer) structure. In our
preliminary report on the thrombin aptamer struc-
ture (Macaya et al., 1993), we presented evidence
that the thrombin aptamer structure is unimole-
cular. Two thrombin aptamer derivatives (I2 and
I8) were mixed in an equimolar ratic. The NOESY
spectrum of this mixture was compared with a
superposition of the NOESY spectra of I2 and I8
alone. The spectrum of the mixture was essentially
identical to the superimposed spectra of the indivi-
dual derivatives, indicating that the structure must
be unimolecular, since I2/I8 heterodimers would be
expected to have different chemical shifts of at least
some crosspeaks. In addition, both the optically
{A,7¢) and the differential scanning calorimetry
determined melting temperature values were con-
centration independent (J. A. Roe, unpublished
results). Thus, a thrombin aptamer monomer was
used in all of the structure caleulations.

(¢) Sequence-specific assignments of non-exchangeable
resonances using aptamer derivatives

Since the aptamer structure contains both syn
bases and loops, sequential connectivities from base
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Figure 3. NOESY spectrum of the thrombin aptamer in 2H,0 at 20°C and ¢, = 250 ms. Sample was 23 mM strand,
110 mM KCl, in 400 z1 2H,0 (pH 61). Speetrum was acquired with a spectral width of 5000 Hz in both dimensions. 2048
complex points in £, 32 scans per i, value, 300 ¢, increments, and a recycle delay of 1.8 s. The spectrum was apodized

with a skewed squared sine bell (65°, (-75, 700} in t, and (75

points.

(H8,H6) to sugar {HU', 2/, 2, 3) can only be found
for short stretches in the sequences (Macaya ef al.,
1993). For example, there are two isolated stretches
of sequential connectivities for the sequence
G-G-T-T (see Fig.3 of Macaya et al., 1993), but it
was not possible to determine which was
G1-G2-T3-T4 wversus G11-G12-T13-Tl4. In the I2
derivative, the I2HS8 is identified by its low-field
chemical shift. Thus, from the sequential connec-
tivities, (G1-12-T3-T4 could be distinguished from
G11-G12-T13-T14. Since the thrombin aptamer and
I2 have similar NOESY crosspeak patterns, this
also allowed identification of these residues in the
thrombin aptamer. Similarly, I8 was used to assign
T7,. 8, and T9, and 16 was used to differentiate
between (35-G6 and G14-G15. Finally, NOE cross-
peaks were observed from G2H2 H2" to both T3
and T4 and from G12H2' H2” to both T13 and T14.

°, -8, 300) in ¢,. The final matrix size was 2048 x 2048 real

The A3 derivative was used to distinguish between
T3 and T4, This also resolved any ambiguity about
the assignment of T3 and T4 versus T13 and T14. Tn
the NOESY spectrum of A3, all of the NOE cross-
peaks to the T3Me are missing, while the rest of the
TMe crosspeaks appear at close to the corresponding
chemical shifts in the thrombin aptamer. The simi-
larity of the NOESY spectra of A3 and the
thrombin aptamer indicates that both molecules
fold into the same overall structure.

(d) Sequence specific assignments of non-exchangeable
resonances from 'P-'H COSY

A 'P-'H COSY spectrum is shown in Figure 4.
Since the spin systems in each sugar had been
identified, this spectrum provides direct model-
independent sequential assignments of the thrombin
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Figure 4. '"H->'P COSY spectrum of the thrombin aptamer at 20°C, Sample was the same as in Fig. 3. Phosphorus
resonances are identified by nucleotide number on the left side of the spectrum and crosspeaks between P and H-3" H4'

and H5" H&" resonances are identified on the spectrum. The HS',

H5" resonances are not stereospecifically assigned. The

spectrum was acquired with a spectral width of 1500 and 860 Hz for the 'H and *!'P dimensions, respectively. 1024
complex points in £,, 60 ¢; values, and 112 seans per !, increment. The spectrum was apodized with a skewed squared sine

bell (50°. 0-7) in t, and (60°, 0-9) in ¢

aptamer. Assignments of the sugar resonances are
indicated on the spectrum. Each phosphorus reson-
ance has crosspeaks to H4',H5 H5” of the 3" nucleo-
tide and to the H3" of the 5 nucleotide. Thus.
sequential connectivities can be traced along the
DNA strand without any structural assumptions
(Pardi et afl., 1983; Smith & Feigon. 1993). In
contrast to the direet methods used here, Wang ef
al. (1993) assigned the non-exchangeable resonances
of the thrombin aptamer by model building and
comparison with NOE data. The chemical shifts of
the non-exchangeable proton and phosphorus reson-
ances are given in Table 1

(e) Assignments of the exchangeable proton resonances

The exchangeable proton resonances were
assigned from NOKE crosspeaks with non-exchange-

1+ The final matrix size was 1K x 1K real points.

able proton resonances and by comparison of the
thrombin aptamer spectra with those obtained on
the inosine-, uracil- and adenine-substituted deriva-
tives. In a guanine quartet, NOEs are expected
between the imino and amino protons of one
guanine and the H8 of a neighboring guanine (Smith
& Feigon, 1992, 1993; and Fig. 1). Knowledge of the
HS assignments is insufficient to assign the imino
resonances to specific bases in a quartet, however,
unless the overall topology of the structure is
already known. This is because the relative location
of the specific bases depends on the structure; e.g.
the neighbors in the G-quartets would be different if
the T-G-T residues looped diagonally across a
quartet versus along an edge. The guanine neighbors
in the guartets were determined using the inosine-
substituted derivatives 12, 16, and 111, For
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Figure 5. Portion of NOESY spectra in 909 H,0/109%*H,0 at 1°C of (A) thrombin aptamer and (B) I6. Region
shown contains crosspeaks between hydrogen-bonded G and I imino proton, and T methyl and H2', H2” resonances.
Assignments are indicated on the spectra. Sample (A) is the same as that in Fig. 3 (except for $%09,H,0/10%,2H,0);
sample (B) is under the same conditions but 2.0 mM strand. NOESY spectra were acquired with a 11 spin echo read
pulse {Sklendf & Bax, 1987). Spectral parameters were: (A) excitation maximum at 11-5 p.p.m., spectral width 8333 Hz
in both dimensions, {, =160 ms, 1024 complex points in ¢,, 300 ¢, values, 64 scans per ¢, increment, and recycle delay of
1-8 8. Spectrum (B) was acquired with the same parameters except excitation maximum at 13-3 p.p.m., spectral width of
16638 Hz, and ¢, =210 ms. Spectrum (A) was apodized with a skewed squared sine bell {(75°, 0-8) in ¢; and (80°, (-8) in {,;
gpectrum (B) was the same but 70°, (-7 in ¢, and 75°, 09 in ¢,. The final matrix size was 2048 x 2048 real points.

Table 1
1 and ?'P resonance assignments for the thrombin aptamer

Base H8H6 Methyl HI H2 H2" HY H4' H5' 5"+ Imino} Aminof 31pg
Gl 7-39 - 604 295 2-95 497 437 12405 933, 6-26 -
G2 816 - 599 300 2-33 512 4-39 424 1210 10-04, 6:65 —4-49
T3 784 195 617 217 2-53 4-88 427 390 11-:30 - —2-62
T4 716 1:03 604 2-04 2-62 4-87 4-26 4-16, 3-89 11-35 - — 346
G5 742 - 600 337 2-87 4-85 438 4-26, 426 127 943, 675 —3-46
Gé 7-68 - 593 275 257 509 4:42 422 12-13 10-10, 6-66 —4-40
T7 7-88 1-95 643 2-48 2-59 483 440 1120 - —343
G8 745 - 572 197 230 473 397 4-01, 408 1068 580, 580 — 384
T9 723 1-71 5-80 1-94 237 4-60 371 353, 299 10-33 - —4-21
G10 743 - 603 367 2-89 489 428 431, 412 11-86 —4-68
Gl 818 - 588 294 2-31 511 437 4-26 12-02 10-08, 6-65 —4-66
T12 7-85 1-85 616 217 2-53 489 4:27 390 11-30 - —2:57
T13 722 097 608 2:08 2-68 4-89 427 418, 390 11-30 - —334
Gla 745 - 604 351 204 4-91 440 435, 424 12:10 971, 6:82 — 357
Gla 805 - 613 2-87 241 477 422 4-17 12:27 943, 670 —4-25

All non-exchangeable proton resonances were assigned from NOESY spectrum in 2H,0 at 20°C, 110 mM KCI {pH 61).

T The H5',56” protons are not stereospecifically assigned.
I Imino and amino assignments obtained from NOESY spectrum in H,0 at 1°C. The lower-field amino resonance corresponds to the
hydrogen-bonded amino proton.
& Referenced to TMP at 20°C.
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Figure 6. (A) Portion of NOESY in H,0 of U4 at 1°C and ¢,,= 160 ms containing the imino-imino crosspeaks. The
imino assignments are indicated at the top. Imino-imino crosspeaks T13-CG14 and U4-G5 are labeled; the U4-T13
crosspeak is identified by the arrowhead. The sampie was 22 mM DNA strand, 100 mM KCl, (pH 60 in 400 pul
9095 H,0/109,*H, 0. Spectrum was acquired and processed as in Fig. 5A. Due to the 11 echo read pulse, the intensities
of the erosspeaks are not symmetric across the diagonal. (B) Portion of NOESY spectrum in 2H,0 of thrombin aptamer
showing the region containing crosspeaks between T4 and T13 methy] and aromatic proton resonances. Sample is the
same as in Fig. 3. (() Portion of NOESY spectrum in *H,(} of C4C13 showing the same crosspeak region as in (B).
Sample conditions are the same as in (B), but 2-0 mM strand. Spectra were acquired and processed as in Fig. 3.

example, in NOESY spectra of the 12 derivative,
there is an NOE between the unique 12H2 and
(314H8; this indicates that these two bases are
neighbors in a quartet, and by analogy G2 and G14
are base-paired (Macaya et al., 1993, Fig.4).
Similarily, the 16 derivative has an NOE between
{6H2 and GI0HS, indicating that I/G6 and G10 are
hase-paired, and spectra of I11 indicate that I/G11
and G5 are base-paired. The only topology that is
consistent with these results is that shown in Figure
1, with the two G-guartets G1G6-G10-Gid and
G2-G5G11-G14,

In the NOESY gpectrum of the thrombin
aptamer in H,0, there are NOE crosspeaks between
the T9 methyl and four different hydrogen-bonded
(i-imino resonances (Fig. 5A). This is only possible
for four guanine residues in the same quartet. The
I6 inosine imino also shows a crosspeak to the T9
methyl (Fig. 5B). This indicates by analogy that G6
is in this quartet, and from knowledge of the
¢uartet structure obtained as discussed above so are
G1, G10 and G15.

T4 and T13 imino protons have NOKs with G5
and (i14 imino protons, respectively. The assign-
ments of these as sequential imino-imino NOEs was
confirmed with the U4 derivative (Fig. 6). Although

weak imino-imino NOE crosspeaks are observed
between T3 and T4 and between T12 and T13 in the
NOESY spectrum of U4, these crosspeaks could not
be resolved in the thrombin aptamer due to spectral
overlap, so the assignment of T3 and T!2 imino
resonances is ambiguous. The non-hydrogen-bonded
(38 imino was identified by its strong infrabase
imino-amino NOE crosspeak. The T9 imino was
distinguished from the T7 imino resonance on the
basis of NOE crosspeaks between T9 imino and
G15HY and H2" resonances. Chemical shifts of
the exchangeable proton resonances are given in
Table 1.

(Y NOESY spectra of U4 and C4CI13 derivative:
evidence for T4T13 base-pair

In the imino region of the NOKESY spectrum of
the thrombin aptamer, NOKE crosspeaks are
observed between G imino and T4 and T13 imino
protons. Sinee non-hydrogen-bonded imino protons
would usually exchange too fast to have NOEs, this
raised the possibility that there might be a T4T13
base-pair. Such a base-pair could form by hydrogen
bonding between either the 02 or the 04 carbonyls
to the N3 hydrogens of the two thymines (Fig. 7). In
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Figure 7. Schematic drawing of (A) O2 and (B) 04 T-T
base-pairs. The geometry of base-pairing was chosen so
that the N-H- O configuration is linear and the
C=0-H angle is near 120°

éither case, an NOE would be expected between the
two thymine imino protens. In the thrombin
aptamer, the chemical shifts of T4 and T13 imino
proton resonances are too close to resolve such an
NOE. In order to resolve this, the U4 derivative
was synthesized. In the imino-imino region of the
NOESY spectrum of U4 shown in Figure 6A, imino-
imino NOE crosspeaks are observed between T13
and U4, as well as between U4-G5, U4-G2 (wealk),
T13-G14, and T13-G11 {weak). Crosspeaks are also
observed between the imino proton resonances of

G5 and G14 and the H2” (and H2') resonances of T4
and T13, respectively (Figure 5), and between
T4Me-G2H8 and T13Me-GI1THS8 (Fig. 6B). These
crosspeaks indicate that T13 and T4 (U4) are
stacked on the (G2:G5GI1-Gl4 quartet and are
probably base-paired. It is not possible from the
data to distinguish between the 02 and the O4
hydrogen bonding,

In order to try to distinguish between 02 and 04
hydrogen bonding for the T-T base-pair, the C4C13
derivative, in which T4 and T13 are replaced by a
m>3C was made and studied by NMR. The m°C was
chosen as a substitute for T, since the 04 is now
replaced by an amino group. This would preclude
04 base-pairing, but would allow 02 pairing at low
pH. The NMR spectra of C4C13 indicate that the
stacking of C4 and C13 is virtually identical to that
of T4 and T13; i.e. both the crosspeak patterns and
intensities are the same for the two molecules
{Fig. 6B, C). However, we were unable to observe
protonated € imino resonances unambiguously.
Similar results were obtained with U4C13. Thus,
these results favor but do not prove that the T4 and
T13 are hydrogen bonded wia 02.

(g) Initial sugar conformations and backbone ¢, B, and
y dihedral bond angle restraints

The calculated sugar proton coupling constants
and 9,5-type sugar conformation are given in Table
2. All of the sugars are predominantly S-type.

For all sugars in the thrombin aptamer, all Jp 4
and Jp s» were < 8 Ha. Using the Karplus relation
{Lankhorst et al., 1984), the dihedral angles (P-05'-
C5-H5") and (P-05-C5'-H5") are each restricted to
the two ranges 70 + 30° and — 70 + 30°. However,

Table 2
Coupling constants and sugar conformations of deoxyribose rings in thrombin aptamer
derived from HI'-H2' and HI'-H2" crosspeaks using CHEOPS

Jyy o yrar Joy Jary Corr{ %58 £yl Pl
G171 - - - - - - - -
G2 . 1170 630 710 70 09632 106 121
T3¢ - - - - - - - -
T4 10-30 590 3-00 340 0-9502 889 171
Ga 900 440 4-40 030 0-8441 1009 167
G6 12-30 330 320 1-70 -9599 100% 158
T7 930 500 00 100 (9494 92 154
38 800 470 4-80 +10 60229 70 —15 159
T9 940 530 410 1-70 09308 92 172
G10 950 430 1-80 60 09697 100 173
Gl11 1040 560 820 10 09685 160 115
Ti12% - - - - - - - -
Ti3 10-90 700 60 1-20 (9339 69 107 180
Glge 1000 520 110 010 0-9755 73 69 171
G15 10-90 6-50 4-30 1-20 02198 100 176

1 G;H2 and H2" have same chemical shift. T3 and T12 resonances overlap.

} Correlation coefficient,

§ S-type sugar conformation calculated as described.

|| Pseudorotation angle calculated for S-type and N-type sugars. The Py value was not considered
sufficiently determined if 9,8 was > 75.

 RMS difference bhetween CHEOPS coupling constants and PSEUROT coupling eonstants > 1,
perhaps due to the lesser accuracy in the determination of J,-y and Jyry couplings.
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Figure 8. The lowest energy conformation for 00 (blue), O2 (red) and 04 (green) caleulations of thrombin aptamer
structure. Orientation in the stereoview is: wide groove in front, 2 T-T connecting loops at top, with T4 and T13 seen

edge on.

when the additional constraint that the dihedral
angles (P-05'-C5-H5) and (P-05-C5-H5") must
differ by about 120° is considered, the range of 8 is
restricted to 180 + 30°, even without stereospecific
assignments.

For residues 3, 4, 6, 7, 8, 9, 12 and 13, Jp 5 was
between 8 and 11 Hz. The corresponding & angles
were restrained to —120 £+ 45°. According to the
Karplus relation, £ angles near 0° and 120° would
likewise result in Jpyy values around 10 Hu,
However, these values are not sterically feasible and
do not occur in crystal structures of 45 di- and
trinucleotides (Sundaralingam & Haromy, 1989).
For residues 1, 5, 10 and 14, which have Jpyy
<@ Hz, the g restraints used were —120 + 110°.
Coupling constants for G2 and G}l could not be
reliably determined due to overlap of the invelved
crosspeaks, so no & restraints were used for these
nucleotides. _

The ZJy4 used in estimating y were all <10 Hz.
This sum depends on both y and 4. A plot of Z.Jy,
versus v and the pseudorotation phase angle P (on
which & depends directly) (fig. 3 of Kim et al., 1992)
shows that for all values of EJ5,. <10 Hz, y must
fall into one of the two ranges 60 4+ 40° and
240 + 40°. For bases in the anti conformation, the
latter range can be excluded on the basis of the
absence of strong H6/8-H5 H5” NOE crosspeaks
(Kim et al., 1992). However, for nucleotides in the
syn conformation, these crosspeaks could be absent
for all possible y values, so no distinction can be
found between the two ranges. Therefore, no
dihedral restraints for y were applied to the four G
nucleotides in the syn conformation.

(h} Refinement of thrombin aptamer structure

Three different sets of 20 structure calculations
were performed, which differed only in the
constraints between T4 and TI13: (1) no explicit
hydrogen bonds (00), (2) explicit hydrogen bonds

between (02 and N3 (02), and (3) explicit hydrogen
bonds between 04 and N3 {04). The average RMSD
values after NOE relaxation matrix refinement for
the six best (lowest overall energy) structures
calculated for the heavy atoms of all nucleotides are
1-56 A (00), 1-00 A (02) and 1-15 A (04).

Three structures corresponding to the best struc-
ture (lowest energy} from each set are shown super-
imposed in Figure 8. The three sets of calculations
do not allow an unambiguous determination of the
relative geometry of T4 and T13. Structures from
all three sets of calculation are sterically feasible
and satisfy the NOE constraints. The variation in
total energy values between the sets is within the
variation within each set.

The average R-factor for the six best O2 strue-
tures, calculated with an exponent of 1/6 and other-
wise analogous to the ecrystallographic residnal
(Briinger, 1992), was {-113 before and 0-061 after
the direct NOE relaxation matrix refinement.
Although the direct NOE relaxation matrix refine-
ment significantly improved the agreement between
measured and calculated NOKE intensities, it did not
lead to very significant conformational changes. For
the ensemble of the six best 02 structures, the
average RMSID decreased from 125 to 100 A
{calculated for all heavy atoms).

In the refined structures, all of the nucleotides
except T3, T7, T8 and T12 are well defined. This is
elearly illustrated in the RMSD versus residue plots
for the six best structures from the 02 set in Figure
9. The positions of T3, T7, G8 and T12 are relatively
poorly constrained by the NMR data; these nucleo-
tides have an average of 12 distance constraints
versus the average of 257 for the rest of the nucleo-
tides. The average RMSD values calculated
exciuding T3, T7, G8 and T12 (superposition
without the excluded residues), are 112 A (00),
0-62 A (02) and 0-75 (04), significantly lower than
those calculated including all nucleotide heavy
atoms.
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Figure 9, Graph of the RMSD value per residue with
respect to the average co-ordinates of a best fit super-
position using the non-hydrogen backbone atoms of the
ensemble of the 6 lowest energy structures of the 02
calculations for the thrombin aptamer. Values are plotted

for the non-hydrogen atoms of the (A) deoxyriboses and

(B) bases.

(1) Backbone dihedral angles in refined structures

Figure 10 illustrates the backbone dihedral angles
for the six best 02 structures. Making appropriately
conservative use of the available information on
backbone dihedral angles leads to improved local
definition of the backbone. Since no experimental
information is available for restraining o and {, their
values are widely scattered. All values of f§ fall in
the trans range usually observed in crystal struc-
tures. The y values for all of the anti nucleotides fall
in a narrow range around 60° due to restraints
derived from H4-H5" H5" coupling constants and
relative NOE intensities {(Kim et al., 1992). The y
values for the syn residues could not be constrained
by the relative NOE intensities, and therefore fall
into three allowed ranges separated by 120° due to
steric hindrance for rotation around the C5—C4
bond. The fairly narrow range of & values for each
nucleotide reflects the v, and v, constraints on the
deoxyribose ring conformation from 'H-'H
coupling constants and NOEs. The ¢ values fall into
the allowed range found in the crystal structures
and also by Hilbers and co-workers (Mooren ef al.,
1993). Finally, the y values reflect the syn conforma-
tion of G1, G5, (10 and G 14 and enrti conformation
of the rest of the nucileotides.

4. Discussion
{a) Structural features of the thrombin aplamer core

Superpositions of the six best structures from the
02 set are shown in Figure 11 along with one view
of a single structure for clarity. The thrombin
aptamer forms a right-handed helix with two
stacked gnanine quartets and a regular phospho-
diester backbone. The guanine quartets are linked
by two T-T loops (T2-T3 and T12-T13) at one end
and a T-G-T loop at the other end. Each guanine
run is 5 -syn-anti-3’, while all of the thymines and
38 in the loop are anti. The guanines in the two
guanine quartets alternate glycosidic torsion angles

(and orientation) around each quartet: G1,,,G6,,;
G10,,,G15,,; and G2,,,;Gb,,,G11,,;G14y, These
general features of the structure are the same as
those reported by Wang et al. (1993) for an
NMR-based model structure of the thrombin
aptamer, All of the sugars are in the C2'-endo range
of conformations. There are two wide (view in
Fig. 11A, C) and two narrow (view in Fig. 11B)
grooves.

The alternation of syn and anti bases in the
thrombin aptamer and other quadruplex DNA
structures is different from that seen in Z-DNA
{(Wang, et al., 1979). In Z-DNA, the sugars of the
syn guanine bases flip 180° relative to the bases,
resulting in the zig-zag alternating phosphodiester
backbone, and the syn guanines have C3'-endo sugar
puckers (Rich e al., 1984). In the thrombin
aptamer, the syn guanine bases flip relative to the
sugars, so the phosphodiester backbone remains
regular as in B-DNA. The narrow range of *'P
chemical shifts of the guanine phosphates (Fig. 4} is
also consistent with a B-DNA-like phosphodiester
backhone,

The guanine quartets show some deviation from
planarity in a nonrandom, systematic way among
the ensemble of the six best conformations (Fig. 8
and 11A, B). The top G-quartet (G2-G5GI11-G14)
appears more closely planar than the bottom
G-quartet. The guanine bases in the quartets are the
best defined part of the structure, while more vari-
ability is seen in the sugars and especially the phos-
phodiester backbone. This vartability can be
partially attributed to the fact that there are few
constraints on the phosphodiester backbone, as well
as to the inherent dynamics of the ribose conforma-
tions, which is not accounted for in the structure
calculations. This inherent dynamics is evidenced
by the fact that most of the observed .J-coupling
constants cannot be fully explained by a single
static ring conformation.

The stacking of the guanine guartets is illustrated
in Figure 11D This view also shows the two wide
grooves and the two narrow grooves of the quad-
ruple helix. The average helical twist is small but
the numerical value depends on how one defines it;
the problem in defining it arises from the fact that
the bases alternate orientation from one quartet to
the next. Average twist values are around 20° and
35°, as measured by the positions of the C1” atoms
or the geometric centers of the bases, respectively.
The average distance between the two guanine
quartets is 3-8 A,

(b) Structural features of the loops

The two T-T loops at one end of the quadruplex
each span a narrow groove, while the T-G-T loop at
the other end of the quadruplex spans a wide
groove, T9 is stacked rather flatly on the neigh-
boring G-quartet and shows as little conformational
variability as the tetrads (Fig. 9). G8, although less
well defined, is also stacked on the neighboring
G-quartet. T7 is generally positioned sideways into
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Figure 10. Graphical representation of all values for a, §, y, 6, &, £ and g for the same structures as in Fig. 11. The
angles are plotted in 120 intervals of 3° versus the sequence positions and denoted with letters A through T designating
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Figure 11. Stereoviews of the 6 best 02 structures of the thrombin aptamer: (A) View into the wide groove. (B} View
into the narrow groove. (!} View into wide groove of the best (02 structure. The 2 (3-quartets are green, the T4T13 base-
pair is yellow, and the other nucleotides are red. (D) Stacked G-quartets: bottom quartet, clockwise from lower left,
GLO6-(M0-GLS (purple): top quartet, clockwise from lower left, G2-G5-GILG14 (green}. (E) Stacking of T4 TI3 (yellow)

on G205 GG (green) quartet,

the wide groove spanned by this loop. This can be
most clearly seen in Figure 11B.

In the T3-T4 and TI2-T13 loops, both T4 and
T13 are well defined and are stacked on their neigh-
boring G-quartet. In contrast, T3 and T12 show a
high degree of variability in the ensemble of well-
converged solution structures (Figs 9 and 114, B).
In general they are positioned.so that thymine rings
are tilted away from the neighbof“ing T bases, with
the methyl group pointing down toward the wide
groove. The position of the aromatic rings of T3 and
T12 relative to the methyl groups of T4 and T13,
respectively, is consistent with unusually high-field
chemical shifts for the T4 and T13 methyl reson-

ances (Table 1), which would be expected due to~

ring current effects.

The stacking of T4 and TI13 on the neighboring
G-quartet positions these nucleotides so that they
could easily be within hydrogen-bond distance to
form a TT base-pair. Although the expected imino-
imino NOE for a T-T base-pair cannot be unam-
biguously resolved in the thrombin aptamer, due to
the close chemical shifts of T4 and T13 imino reson-
atices, there is a relatively strong imino-imino NOE
between the resolved U4 and T13 in U4 (Fig. 64).
Taken together, this is strong evidence for forma-
tion of a T-T base-pair in the thrombin aptamer. In
addition, in the consensus sequence for thrombin
binding aptamers, the bases corresponding to T4
and T13 are invariant, consistent with base-pairing
of T4 and TI13, while T3 and T12 are variable.
Replacement of T3 with A3 in the A3 derivative
does not disrupt the tertiary structure of the
aptamer {Fig, 2). The NMR spectra of C4C13 and
U4C13 support the 02 honding scheme.

The structure calculations do not provide a clear
distinction between a T-T  base-pair hydrogen
bonded at 04, a T-T base-pair hydrogen bonded at
02, or simple stacking. This is because a relatively
small shift in the phosphodiester backbone will
accommodate each of the three possibilities and

there are relatively few constraints between the two
Ts and the neighboring G-quartet. Furthermore,
many of these constraints are from exchangeable
proton resonances and thus are not tight
constraints, Both the 02 and O4 structures have
significantly lower average RMSI) values than the
00, with the 02 structures having the lowest
average RMSD. The stacking of T4 and T13 on its
neighboring G-quartet is illustrated in Figure 11E
for the 02 set of caleulations. The TT base-pair is to
our knowledge the first structural evidence for
parallel T-T mismatch. Parallel stranded U-U and
C-C mismatches in rRNA have been proposed by
Gutell & Woese (1990) based on phylogeny.

(¢) The quadruplex motif

The association of guanines to form G-quartets
has been known for more than 30 years (reviewed
by Guschibauer ef al., 1990). More recent NMR and
X-ray crysiallographic studies of DNA oligonueleo-
tides that form wunimolecular or bimolecular
G-guadrupiex gtructures have indicated that in
these  “fold-back™  quadruplex structures the
guanines alternate 5'-syn-anti-3' (Kang et al., 1992;
Smith & Feigon, 1992, 1993; Wang et al.. 1991). The
unexpected finding about the thrombin aptamer
structure is that it forms a stable quadruplex
containing only two guanine quartets. This two-
quartet quadruplex is stabilized by stacking of T4
and T13 on one of the quartets as well as by the two
additional hydrogen bonds in the T4'T13 base-pair
and to a lesser extent by stacking of G8 and T9 on
the other G-quartet.

The thrombin aptamer structure can be compared
with the unimolecular and bimolecular quadru-
plexes formed by oligonueleotides containing the
Oxzytriche telomere repeat sequence d{TTTTGGGG),
{Zakian, 1989). A unimolecular quadruplex is
formed hy A{G,T,G,T,G.T,G,) with four
G-quartets and three TTTT loops; the TTYT loops
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go across the edge of each of the two medium
grooves at one end of the G-quartet stack, while the
central TTTT loop goes across the diagonal of the
other end G-gquartet (Smith & Feigon, 1992, and
unpublished results). A symmetric dimeric quad-
ruplex with thymine loops at opposite ends is
formed by (G, T.G,). In the NMR solution strue-
ture of d{G,T,G,) the thymines loop acrosg the
diagonal of the G-quartets on the end (Smith &
Feigon, 1992, 1993}, while in the crystal structure
the thymines loop across a wide groove (Kang «f al.,
1992). No NMR or crystal structures of oligonucleo-
tides containing the Tetrafhymena telomere repeat
d(TTGGG(A) have yet been solved. The structure of
the thrombin aptamer indicates that it should be
possible for oligonucleotides containing two or four
Tetrahymena telomere repeats to form a quadruplex
with T-T loops connecting the G-quartets, We
have obtained preliminary results on a four-
quartet version of the thrombin aptamer
d(GL,TTG,TGTG,TTG,) and find that it folds to
form a unimolecular quadruplex with the same
topology as the thrombin aptamer but with four
G-quartets (Macaya & Feigon, unpublished results).

(d} Relevance to thrombin binding

Although the solution structure of the thrombin
aptamer alone does not necessarily give information
on the structure when bound to thrombin, it seems
unlikely that there would be a large structural
rearrangement of so compact a structure upon
binding. The binding site on thrombin was recently
localized, not surprisingly, to the anion binding
exogite (Wu et al., 1992). This is the site occupied by
8 peptide fragment, hiragen, of the thrombin-
inhibiting protein hirudin. Sulfonation of a tyrosine
in hirugen has been shown to increase its binding
affinity by an order of magnitude (Skrzypczak-
Jankun ef al,, 1981). One might thus speculate that
one of the phosphate groups of the thrombin
aptamer occupies the same site as the sulfate group
in the hirugen-thrombin complex. Since the T-G-T
loop is variable in the consensus sequence, we also
speculate that the important struectural deter-
minants for thrombin binding are in the two
(G-quartets and the T+ T base pair in the T-T loops.
It will be interesting to see if the quadruplex motif
shows up in selections for aptamers that bind other
proteins or ligands.

This work was supported by NIH grants ROLIGM
37254-06 and ROl (GM48123-01, and National Science
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(DMB 89-58280), with matching funds from AmGen Inc.,
Monsanto Co. and Sterling Winthrop Drug Ine. to J.F.
and a NTH Predoctoral Biotechnology training grant (GM
08375) to R.F.M. The co-ordinates of the final structures
have been deposited with the Brookhaven Data Bank and
are available on vequest. The aceession number iz not
available at the time of publication.
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Note added in proof: After submission of this manuseript, a crystal structure of the thrombin aptamer
bound to thrombin was published (Padmanabhan, K., Padmanabhan, K. P., Ferrara, J. D., Sadler,
J.E. & Tulinsky, A. {1993). J. Biol. Chem., 24, 17651-17654). The topology of the thrombin aptamer
in the erystal structure appears at first glance to be the same as the solution NMR structures (this
work and Wang ef l. {1993)). Both the crystal and solution structures have two G-quartets connected
by T-T and T-G-T loops. However, the strand polarity of the DNA oligonucleotide is reversed relative
to the solution structure. This results in the two T-T loops spanning the wide grooves and the T-G-T

loop spanning a narrow groove.



